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In actinomycetes, the onset of secondary metabolite biosyn-
thesis is often triggered by the quorum-sensing signal y-butyro-
lactones (GBLs) via specific binding to their cognate receptors.
However, the presence of multiple putative GBL receptor homo-
logues in the genome suggests the existence of an alternative
regulatory mechanism. Here, in the model streptomycete Strep-
tomyces coelicolor, ScbR2 (SC06286, a homologue of GBL
receptor) is shown not to bind the endogenous GBL molecule
SCB1, hence designated “pseudo” GBL receptor. Intriguingly, it
could bind the endogenous antibiotics actinorhodin and unde-
cylprodigiosin as ligands, leading to the derepression of KasO,
an activator of a cryptic type I polyketide synthase gene cluster.
Likewise, JadR2 is also a putative GBL receptor homologue in
Streptomyces venezuelae, the producer of chloramphenicol and
cryptic antibiotic jadomycin. It is shown to coordinate their bio-
synthesis via direct repression of JadR1, which activates jadomy-
cin biosynthesis while repressing chloramphenicol biosynthesis
directly. Like ScbR2, JadR2 could also bind these two disparate
antibiotics, and the interactions lead to the derepression of
jadR1. The antibiotic responding activities of these pseudo GBL
receptors were further demonstrated in vivo using the lux
reporter system. Overall, these results suggest that pseudo GBL
receptors play a novel role to coordinate antibiotic biosynthesis
by binding and responding to antibiotics signals. Such an anti-
biotic-mediated regulatory mechanism could be a general strat-
egy to coordinate antibiotic biosynthesis in the producing
bacteria.

Actinomycetes are well known for their ability to produce a
wide variety of antibiotics and other secondary metabolites (1,
2). Earlier investigations indicated that the antibiotic biosyn-
thesis often involves a complex regulatory network that
responds to environmental and nutritional factors; one of the
initial steps is known as the quorum sensing process (3, 4). In
bacteria, this process is often mediated by small molecule auto-
inducers and their cognate receptors to convert population
density information into cellular responses (5, 6). In the Gram-
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positive streptomycetes, a typical quorum-sensing mechanism
to trigger the onset of secondary metabolism involves the y-bu-
tyrolactones (GBLs)* autoinducers and their cognate GBL
receptors (7, 8).

Several GBLs in actinomycetes have been identified so far,
and they share a characteristic 2,3-disubstituted-y-butyrolac-
tone core but differ in the C2 side chains. In most cases, the GBL
synthase gene locates next to the gene of its specific receptor
(9). However, genome analysis of sequenced Streptomyces indi-
cated the presence of many GBL receptor paralogues in addi-
tion to the identified synthase-receptor pairs, raising the ques-
tion of whether they also respond to GBLs and participate in the
quorum-sensing cascade (7). In fact, only a few identified recep-
tors have been proven to interact with their cognate GBL mol-
ecules: ScbR with SCBs in Streptomyces coelicolor, ArpA with
A-factor in S. griseus, BarA with virginiae butanolides in Strep-
tomyces virginiae, and FarA with IM-2 in Streptomyces laven-
dulae (9). There are more examples of putative GBL receptor
homologues that do not exhibit any GBLs binding ability (10).
For instance, BarB from S. virginiae was found not to bind vir-
giniae butanolides (the GBLs in S. virginiae), thereby desig-
nated “pseudo” GBL receptor (11). Recent reports also suggest
that putative GBL receptor homologues, FarR2 in S. lavendu-
lae, AlpZ in Streptomyces ambofaciens, and SabR in Streptomy-
ces acidiscabies, may bind ligands other than GBL compounds
(10, 12, 13). Furthermore, an earlier phylogenetic analysis of
GBL receptor homologues has indicated considerable differ-
ences between genuine GBL receptors and BarB-like proteins
(including BarB, JadR2, SCO6286, CprB, SAV3702, and AurlR
from different streptomycetes), particularly in the region cor-
responding to the ligand-binding domain (7). It is suspected
that they may have developed a different ligand binding capac-
ity, but so far, such a mechanism has not been elucidated.

In this study, we characterized the functions of two BarB-like
proteins, ScbR2 (SC0O6286) and JadR2, and demonstrated that
their ligands are endogenously produced and chemically dis-
tinct antibiotics. We further showed that, by responding to
antibiotic signals, these pseudo GBL receptors play a novel role
to coordinate antibiotic biosynthesis. ScbR2 locates in a cpk
(cryptic polyketide synthase) gene cluster of S. coelicolor A3(2),
a model streptomycetes that mainly produces two pigmented
antibiotics: a blue polyketide antibiotic actinorhodin (Act) and

“The abbreviations used are: GBL, y-butyrolactone; Act, actinorhodin; Red,
undecylprodigiosin; Cm, chloramphenicol; Jd, jadomycin; JdB, jadomycin
B; JdA, jadomycin A; tsp, transcription start point; WT, wild type; ET, etha-
nol; SCBs, Streptomyces coelicolor butyrolactones.
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a red prodiginine antibiotic undecylprodigiosin (Red) (14).
JadR2 was previously identified as a repressor in the jadomycin
biosynthetic gene cluster of Streptomyces venezuelae 1ISP5230
(15), the producer of chloramphenicol (Cm) and the angucy-
cline antibiotic jadomycin (Jd). Jd is cryptic, being produced
only under stresses such as ethanol toxicity, whereas the pro-
duction of Cm does not require stress stimulus (16).

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—S. coelicolor
M145, scbR2 disruption mutant (scbR2DM), schR2 overexpres-
sion mutant (scbR20E), and schR2 complementary mutant
(scbR2COM) derivatives were grown on supplemented mini-
mum medium solid agar for detecting Act and Red production
(14). Act and Red concentrations in supplemented minimum
medium liquid-grown cultures were determined spectrophoto-
metrically (17). The procedures for calcium-dependent antibi-
otic detection were as follows: the freeze and thaw extracts of
the S. coelicolor strains grown on Oxoid nutrient agar for 5 days
at 30 °C were spotted onto soft Oxoid nutrient agar plate con-
taining 6 mm CaCl,, using Bacillus subtilis as the indicator
strain. Calcium-dependent antibiotic production results in
zones of clearing of the lawn of the B. subtilis after incubation
overnight at 30 °C. R5 medium was used for culturing WT and
the actlll, redL double disruption mutant whose supernatants
were applied to luciferase assays (14). S. venezuelae 1SP5230
wild type, jadR2 disruption mutant (jadR2DM), jadR1 disrup-
tion mutant (jadR1DM), jadI disruption mutant (jadIDM), and
cmlB disruption mutant (cmIBDM) were grown on maltose-
yeast extract-malt extract. The medium and culture conditions
for Jd and Cm production were as described previously (15, 16).
JadR2, JadR1, ScbR, and ScbR2 were expressed in Escherichia
coli BL21 (DE3) to obtain large amounts of C-terminally His-
tagged proteins.

Construction of Mutant Strains—For scbR2DM, a 298-bp
PshAI-Bcll fragment inside schR2 was replaced by aphlil For
scbR2COM, a 982-bp DNA fragment carrying the promoter
and coding region of schR2 was inserted into the EcoRV-
cleaved pSET152 to generate the recombinant plasmid, which
was then introduced into scbR2DM to obtain the comple-
mented strain. The disruption was confirmed by PCR. For
scbR20E, a 675-bp DNA fragment carrying scbR2 coding
region was digested with Kpnl and inserted into the EcoRV-
Kpnl site of pIMEP (18) to generate the recombinant plasmid,
which was introduced into S. coelicolor M145 to obtain the
overexpression strain. For jadIDM construction, a 273-bp frag-
ment inside jadl was replaced with aphll. For the redL disrup-
tion mutant, a 336-bp fragment inside redL was deleted. S. coeli-
color strain B41 was an actlll disruption mutant provided by
Maureen Bibb. The Act, Red double disruption mutant was
obtained by protoplast fusion of the redL disruption mutant
with strain B41 (14) and then confirmed by HPLC for no pro-
duction of Act or Red.

Chemicals Preparation and HPLC Analysis—Act and Red
were extracted from cultures of S. coelicolor M145 and purified
by HPLC. Jadomycin B (JdB) and jadomycin A (JdA, the agly-
cone of JdB) were prepared as described previously (19). The
HPLC conditions for the simultaneous detection of Cm, JdA,
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and JdB were modified from previous reports (16, 19). Purified
JdB, JdA, Act, and Red were detected by electrospray ioniza-
tion-MS. The purified Red was determined to be undecylpro-
digiosin, and the purified Act was determined to be y-actinor-
hodin. Partially purified SCB1 was extracted from culture
supernatant of S. coelicolor M145, followed by HPLC purifica-
tion (20) and electrospray ionization-MS confirmation. All the
other antibiotics used in this study were purchased from Sigma.

Overexpression and Purification of JadR1, JadR2, ScbR, and
ScbR2—jadR1, jadR2, scbR, and schR2 were amplified from the
genomic DNA of S. venezuelae ISP5230 and S. coelicolor M145.
The primers used were as follows: jadRI1, 5'-acatatgagcctga-
cgtccgtagaagtgaag-3' and 5'-actcgaggecgeggecgaageggaaac-3';
jadR2,5'-acatatgaccaaacaagagcgggccac-3' and 5'-actcgagggceg-
accgacgtgtacgecc-3'; schR, 5'-ggaattccatatggcecaagecaggaccg-
ggc-3' and 5'-aaaaactcgaggtccttcceggteggtgee-3'; and schR2,
5'-ggaattccatatgaccaagcaggageggge-3' and 5'-ccgctcgaggtgeg-
gegegtectgeegete-3'. The amplified fragments were digested
with Ndel and Xhol and then inserted into pET23b to ob-
tain expression plasmids pET23b:jadR1, pET23b:jadR2,
pET23b::schR, and pET23b::schR2, respectively. The plasmids
were introduced into E. coli BL21 (DE3) for protein overexpres-
sion. Purification and concentration of proteins were carried
out as described previously (19).

Band Shift Assay and DNase I Footprinting—Band shift
assays were performed as described previously (19). Purified
Act, Red, JdA, and JdB were dissolved in Me,SO, and Cm was
dissolved in methanol. Dissolved compounds and solvent con-
trols were added at 5% (v/v) in the reaction mixtures.

DNase I footprinting assays were carried out as described
previously (19). The sequence ladder was prepared using an
fmol™ DNA cycle sequencing kit (Promega) with the labeled
primer. The primer pairs used to generate the DNA probes
were as follows: for jadR1, the unlabeled primer 5'-gaagtggtca-
agagtgccegtggte-3' and the 5'-end [y->**P]JATP-labeled primer
5'-cggttccecctageacctatgteac-3'; and for c¢ml/, the unlabeled
primer 5'-cggcggcttcggatttctegte-3' and the labeled primer
5'-ggtccgggtgceggtgatcatg-3'.

RNA Isolation, SI Nuclease Mapping, and RT-PCR—For S.
coelicolor strains, RNA was isolated at 15h (A5, = 0.4) and 20 h
(A450 = 0.8) from cultures grown in supplemented minimum
liquid medium, and RT-PCR was conducted as described pre-
viously (21). The primers of hrdB from S. coelicolor were 5'-
gtgacgctgatggtcagtgeeg-3’ and 5'-getcgeegtcttecttettgg-3'. For
S. venezuelae strains, RNA samples were isolated at various
times (12, 24, 48, and 72 h) from cultures grown at 28 °C with or
without ethanol stress. Ethanol was added to a final concentra-
tion of 3% (v/v). Previously described conditions were used for
extracting RNA and S1 nuclease mapping (14, 19). The hrdB
probe used as a control was amplified using the unlabeled
primer 5'-cgggagtgcggagtcgggge-3' and the labeled primer 5'-
tgcecatcagectttcceege-3'. The jad] probe was prepared using
the unlabeled primer 5'-aggcgtgggtttccgettcgge-3' and the
labeled primer 5'-cacggccacgctgecgatacce-3'. The jadRI and
cml] probes were the same as those used for DNase I footprint-
ing assays (19).

Binding Reaction of SCB1 with ScbR and ScbR2—Partially
purified SCB1 (400 ul) was added to 400 ul of His tag-purified
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FIGURE 1. ScbR2 controls the transcription of kasO. A, schematic represen-
tation of the relative positions of scbR2, kasO, and scbR in S. coelicolor M145.
B, band shift assays of the interaction of P,,., with purified ScbR2 protein.
Each lane contains 10 ng of y-*?P-labeled P, ., Lanes 1-7 contain 0, 1.5, 3, 5,
15, 30, and 50 nm purified protein, respectively. C, transcriptional analysis of
kasO. Levels of transcripts in RNA from supplemented minimum medium
liquid-grown cultures of WT and ScbR2DM were determined by RT-PCR. The
numbers 1and 2 denote the samples taken at A,5, of 0.4 and 0.8, respectively.
The hrdB transcription was assayed as a control.

ScbR or ScbR2 (2 mg/ml). They were then processed as de-
scribed previously (22).

Construction of Biosensor Strains and Luciferase Assays in
Vivo—The kasO promoter was ligated to BamHI-treated and
blunt-ended pCS26-Pac to give pO***°lux. For the kasO pro-
moter, primers 5'-ccgctcgaggacgaggagatcgaccgg-3' and 5'-cge-
ggatcccggacaacacctcgagtg-3' were used. The schR2 and jadR2
genes were amplified with the introduction of Shine-Dalgarno
sequences and downstream recognition sites for BamHI (23).
For ScbR2, primers 5'-taagaaggaacggagcacgacatgaccaagcagga-
gcg-3' and 5'-tcagtgeggegegtectgecgeteeg-3' were used; for
JadR2, primers 5'-taagaaggatactggagccattgatgaccaaacaaga-
gcg-3' and 5'-cgeggatcccgecggtgtcagggeggegag-3' were used.
After digestion with BamHI, the fragments were ligated to
BamHI-EcoRV-cut pACYC184 to give pScbR2 and pJadR2,
respectively. Bioluminescence of E. coli reporter cultures and
those supplemented with spent Streptomyces culture superna-
tant was measured using a 20/20n single tube luminometer
(Turner Biosystems) as described previously (23).

RESULTS

ScbR2 Directly Represses the Transcription of kasO—ScbR2 is
a GBL receptor homologue located next to the cpk gene cluster
whose expression is positively controlled by a SARP type regu-
lator, KasO (also known as CpkO (21)) (Fig. 14). To identify the
possible target gene of ScbR2, purified ScbR2 from E. coli was
used in band shift assays with all of the potential promoter
regions in the cpk gene cluster. It was found to bind the pro-
moter region of kasO (P,,.o) in a concentration-dependent
manner (Fig. 1B). This binding was specific because no band
shift was observed with the promoter region of hrdB (sup-
plemental Fig. S1). To define the regulatory relationship
between ScbR2 and its target P,,.,, the scbR2DM was con-
structed. Transcription of kasO was readily detected in
scbR2DM at the mid-exponential phase by RT-PCR, as was that
of hrdB, whereas no transcript of kasO could be detected in WT
at these two early time points (Fig. 1C), which is in accordance
with previous evidence (21). Thus, mutation of scbR2 led to
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FIGURE 2. Effects of ScbR2 on antibiotic production in S. coelicolor. A, pig-
mented antibiotic (Actand Red) production by S. coelicolor WT, scbR2DM, and
scbR20E on supplemented minimum medium solid agar medium after incu-
bation for 5 days at 30 °C. B, bioassay detection coupled with affinity capture
experiment. Molecules harvested by ScbR and ScbR2 were respectively spot-
ted onto confluent lawns of S. coelicolor M145 spores on supplemented min-
imum medium solid and incubated for 30 h. C, effect of SCB1 on the DNA
binding activities of ScbR and ScbR2. Band shift assays of ScbR (2.7 nm) and
ScbR2 (38 nm) were carried out in the presence of 2-fold dilution steps of SCB1
captured by ScbR. 50% methanol was used as a solvent control.

earlier expression of kasO. Because the expression of the cpk
gene cluster is dependent on kasO, scbR2DM might have acti-
vated the biosynthesis of this cluster prematurely.

Interestingly, in comparison with the WT, scbR2DM was
considerably attenuated in the production of Act, Red (Fig. 24
and supplemental Fig. S2A4), and calcium-dependent antibiotic
(supplemental Fig. S2B), whereas scbR20E had an obvious
increase of the production of the three antibiotics (Fig. 24 and
supplemental Fig. S2B). All these phenotypes were restored to
WT in the scbR2COM, which shows that ScbR2 is undoubtedly
involved in the control of Act, Red, and calcium-dependent
antibiotic biosynthesis (supplemental Fig. S2, C and D). Also, it
is noteworthy that scbR2DM produced a yellow compound
(supplemental Fig. S2D), whose color and hydrophilicity coin-
cided with the suspected product of the cpk gene cluster (24).
Therefore, it is speculated that ScbR2 might act as a transcrip-
tional repressor of the cpk gene cluster by directly repressing
kasO. Taken together, these results suggested that ScbR2 has
pleiotropic effects on several antibiotic biosynthesis pathways
in S. coelicolor.

ScbR2, a Pseudo GBL Receptor, Binds Antibiotics as Ligands—
In previous phylogenetic analyses, ScbR2 was grouped with
BarB-like proteins whose GBL receptor designation was ques-
tioned. To test the ability of ScbR2 to bind the endogenous
y-butyrolactone SCB1 (the major GBL in S. coelicolor M145),
an affinity capture technique previously developed to capture
and detect SCB1 via its cognate receptor ScbR was employed
(22). Both ScbR and ScbR2 were used to capture SCB1 from a
partially purified SCB1 sample (supplemental Fig. S3); the for-
mer was included as a positive control here to ensure that the
capture works at equal conditions. Based on previous knowl-
edge (25), exogenous addition of SCB1 to agar-grown cultures
of S. coelicolor was expected to elicit early Red production. The
ScbR-captured molecules could elicit early Red production, but
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no such effect was observed with the ScbR2-captured material
(Fig. 2B). This indicated that purified ScbR2 could not recog-
nize SCB1 under the conditions tested. To further confirm this,
molecules captured by ScbR (mostly SCB1) were concentrated,
and band shift assays were carried out to assess their effect on
the binding of ScbR and ScbR2 to P, ., (Fig. 2C) (ScbR also
binds the kasO promoter region (21)). As expected, ScbR-cap-
tured molecules, the SCB1 extract dissolved in 50% methanol,
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FIGURE 3. Effects of ligands on the binding activity of ScbR2. A, effect of
Red and Act on the DNA binding activity of ScbR2. Each lane contains 10 ng of
labeled P,,,o. Band shift assays were performed with 3 nm ScbR2 and a range
of ligand concentrations as indicated. Me,SO (DMSO) was used as a solvent
control. B, effects of different antibiotics on the DNA binding activity of ScbR2.
Each lane contains 10 ng of labeled P, ;. Lanes 2—7 contain 3 nm ScbR2. Lanes
3-7 contain 500 um of antibiotics with distinct structures.

ScbR2 -Pkaso_»
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A C

DNA binding domain
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inhibited band shifting of P, .., by ScbR in a concentration-de-
pendent manner, although in the case of ScbR2, no effect on the
DNA binding activity of ScbR2 was detected with further addi-
tion of the SCB1 extract. This clearly indicated that ScbR2 was
not able to recognize SCB1 at least in vitro, which further sup-
ported the prediction that ScbR2 might be a pseudo GBL
receptor.

Previously, it was known from the overall structure of
CprB (also one of the BarB-like proteins with ligands uniden-
tified) that GBL receptors belong to the TetR family of reg-
ulators (26), which bears poor sequence conservation but
high global structural similarity in the ligand-binding
domain (27). Therefore, the program FUGUE, designed to
recognize homologues by sequence-structure comparison,
was employed to search for ScbR2 homologues (28). Indeed,
all of the top hits calculated by this program are members of
the TetR family, and it turned out that ScbR2 shares the
greatest similarity with the multi-drug-binding protein TtgR
from Pseudomonas putida (29). The richness in helices,
which was the structural foundation for binding multiple
antibiotics as ligands, was also predicted for ScbR2. Therefore,
Act and Red, the endogenously produced metabolites purified
from their host, and some other commercially available anti-
biotics of diverse chemical structures (including ampicillin, kana-
mycin, erythromycin, and tetracycline) were tested as the can-
didate ligands in band shifting assays. Indeed, the addition of
Act (100 um) or Red (500 um) totally inhibited the formation of
ScbR2-P, ., complexes (Fig. 3A4), whereas other antibiotics did
not cause any obvious dissociation (Fig. 3B). These results
clearly demonstrated that ScbR2 binds Act and Red specifically.

JadR2 Represses JdB Production

P. by Inhibiting the Transcription of

s jadR1—To further define the phys-
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JadR2 in S. venezuelae, was studied.
= Previous works showed that JadR1
Regionl  is a key activator of the Jd biosyn-
— thetic cluster (19), and its encoding
gene is adjacent to and divergent
from jadR2 (Fig. 4A). Disruption of
JadR2 makes production of JdB
independent of ethanol stress (15).
To examine the molecular mecha-
nism involved, purified JadR2 was
— used in band shift assays with all of
the potential promoter regions in
the Jd biosynthetic gene cluster.
Protein-DNA complexes were seen
only with the jadR1-jadR2 inter-
L genic region in a concentration-de-

pendent manner, indicating its spe-
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FIGURE 4. JadR2 binds to the promoter region of jadR1. A, schematic representation of the relative positions
of jadR2, jadR1, and jadJ in S. venezuelae. The domain organization of JadR2 is indicated by boxes. B, band shift
assays of the interaction of the jadR1 promoter region (P;,4z,;) with purified JadR2. Each lane contains ~10 ng
of y-*?P-labeled Pz, probe. Lanes 1-7 contain 0, 1.5, 4.5, 15, 45, 150, and 450 nm purified JadR2, respectively.

J!

C, DNase | footprinting assay of JadR2 on Pj, ;. Each lane contains ~200 ng of labeled DNA probe, and the
concentrations of JadR2 from lanes 0-6 are 0, 15, 37.5, 150, 300, 450, and 750 nm, respectively. The brackets

denote the regions protected by JadR2.
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cific binding (Fig. 4B). Negative
control 4rdB probe showed no obvi-
ous band shift (supplemental Fig.
S4). In DNase I footprinting, JadR2
protected three regions, at —11 to
—38, +11 to +55, and +62 to +83
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plemental Fig. S6). This suggested
that JadR2 might inhibit JdB biosyn-
thesis while positively controlling
Cm production at least in the
absence of ethanol. However, puri-
fied JadR2 failed to bind any of the
potential promoter regions in the
Cm biosynthetic gene cluster, sug-
gesting that JadR2 might repress
Cm biosynthesis indirectly. Because
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the only known JadR2 target is
the promoter of jadRI, we tested
whether Cm biosynthesis might be
repressed by JadRl by measuring
Cm and JdB yields in WT and
jadR1IDM (Fig. 5, C and D). In
accordance with previous evidence
(19), no JdB was detected in WT in
the absence of ethanol, although it
was relatively abundant in the pres-
ence of ethanol, and in jadR1DM,
JdB was undetectable under either
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FIGURE 5.JadR2 and JadR1 control JdB and Cm biosynthesis. A, the transcriptional level of jadJ and jadR1 in
S. venezuelae WT and jadR2DM without ethanol induction was detected by ST mapping analysis. Total RNA
from WT and jadR2DM in the absence of ethanol was hybridized with jadJ and jadR1 probes. The hrdB tran-
scription was assayed as an internal control. B-D, the yields of Cm and JdB in WT, jadR2DM, and jadR1DM with
or without ethanol induction. Cm and JdB yields were evaluated by HPLC after organic extraction of the entire
culture. The error bars indicate the means = S.D. with three independent experiments. R2, jadR2DM; R1,

jadR1DM; +ET, ethanol added.

nucleotides relative to the transcription start point (tsp) of
jadR1 (Fig. 4C). The sequences of the target sites in promoters
have been determined, and characteristic inverted repeats were
found in these binding regions (supplemental Fig. S5). These
repeats suggested that JadR2 might impede the access of RNA
polymerase to the jadRI promoter, thereby preventing the
JadR1-dependent activation of Jd biosynthesis.

In support of this model, the mRNAs of jadRI and the Jd
biosynthetic structural gene jad] were markedly more abun-
dant in the jadR2DM than in the WT (Fig. 5A4). Indeed, jad]
mRNA was undetectable in WT. Because JadR2 could not bind
to the jad] promoter region, the inhibition of jadJ transcription
by JadR2 is an indirect effect of the absence of JadR1, which
directly activates jad]/ transcription (19).

JadR1 Activates JdB Biosynthesis while Repressing Cm Biosyn-
thesis Directly—In S. venezuelae, the ethanol stimulus required
to initiate Jd biosynthesis was found to abolish Cm biosynthesis,
implying that Jd and Cm biosynthesis are cross-regulated in a
likely antagonistic mode. Unusually, the Cm biosynthetic gene
(cml) cluster has no cluster-situated regulators (30). It thus
prompted us to investigate whether JadR2 also regulates Cm
biosynthesis. Cm and JdB production were measured by HPLC
in WT or jadR2DM cultures. In the absence of ethanol induc-
tion, deletion of jadR2 led to JdB production, whereas Cm pro-
duction was severely reduced (Fig. 5B). In the presence of
ethanol, jadR2 deletion resulted in slightly increased JdB pro-
duction, but no Cm was detected in either strain (sup-
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24 48 72

of the conditions tested (Fig. 5C). In
the presence of ethanol, weak Cm
production was detected in both
strains, but in the absence of etha-
nol, the Cm yield in jadR1DM
grown for 3 days was strikingly
higher than in WT, indicating that
JadR1 might indeed repress Cm bio-
synthesis (Fig. 5D).

To examine whether the effect of JadR1 on Cm biosynthesis
is direct, JadR1 was used in band shift assays with all of the
potential promoter regions from the Cm biosynthetic gene
cluster (Fig. 6A). Indeed, it was found to bind to the cmil-cmli]
intergenic region (Fig. 6B), which is indispensable for Cm bio-
synthesis as previously shown (16). The result supported the
model that JadR1 regulates Cm biosynthesis by direct control of
cml expression.

To obtain corresponding evidence in vivo, the transcription
of cmiJ (which was speculated to be a ketoreductase) in the WT,
jadR2DM, and jadR1DM strains was analyzed by S1 mapping.
As expected, cml] transcripts were much less abundant in
mRNA from jadR2DM (i.e. derepressed for jadRI) than from
WT (Fig. 6C), whereas they were more abundant in mRNA
from jadR1DM than from WT at early time points (12~24h)
(Fig. 6C). An unexpected decrease in cmlJ mRNA abundance in
jadR1DM versus WT at later time points (48~72 h) suggested
that some factor(s) in addition to relief from repression by
JadR1 was required for cmiJ expression in the later time points
under these conditions.

To define the specific sites of interaction between JadR1 and
cml] promoter, we first determined the transcription start point
of cml] at 439 nucleotides upstream of the putative cmiJ start
codon (Fig. 6D) and then JadR1 binding sites by DNase I foot-
printing (Fig. 6E). JadR1 protected a large region far down-
stream of c¢ml] tsp (from +186 to +335 nucleotides). This is
analogous to the report that four binding sites of AdpA are

Time (hr)
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FIGURE 6. JadR1 inhibits the transcription of cmlJ. A, the gene cluster for Cm biosynthesis in S. venezuelae ISP5230. The intergenic regions containing the
potential promoters in this cluster used for band shift assays with JadR1 and JadR2 are indicated by filled triangles. B, band shift assays of JadR1 with
the intergenic region of cmll-cmlJ. Each lane contains ~10 ng of labeled probe. Lanes 7-6 contain 0, 6, 20, 60, 200, and 600 nm JadR1, respectively. C, the
transcriptional analysis of cmlJ. Transcripts from S. venezuelae WT, jadR1DM, and jadR2DM without ethanol induction were determined by ST mapping analysis.
The hrdBtranscription was assayed as a control. D, determination of the tsp of cm/lJ by S1 mapping of WT RNA (isolated at 48 h after ethanol treatment). £, DNase
| footprinting assays of JadR1 on the cmlJ promoter region. Each lane contains ~300 ng of labeled probe. The concentrations of JadR1 in lanes 1-6 are 25, 50,
100, 500, 750, and 1000 nm. Lanes 0 and 7 are controls without protein. The brackets denote the regions protected by JadR1, and the numbers on the right side

indicate the distances relative to the tsp of cml.

located far downstream of the tsp of sanG, encoding a pathway-
specific regulator for nikkomycin biosynthesis in Streptomyces
ansochromogenes (31). Presumably, binding of JadR1 down-
stream of the tsp inhibits cmlJ transcription either by directly
interfering with transcription elongation or by recruiting other
repressors. Some alternative sigma factors might be also
involved in the presence or absence of ethanol stress. Over-
all, these results show that JadR1 is not simply “pathway-
specific” but a direct regulator of both JdB and Cm biosyn-
thetic pathways.

JadR2 Bind Antibiotics as Ligands—Sharing 46% amino acid
identity with ScbR2, JadR2 resembles the multi-drug-binding
protein QacR from Staphylococcus aureus (32) in secondary
structure, implying that the ligands for JadR2 might also be
antibiotics. Indeed, purified JdB and JdA (supplemental
Figs. S7 and S8) both inhibited P, ;, band shifting by JadR2 in
a concentration-dependent manner (Fig. 7). It seems that the
structurally different Cm could also affect the binding complex
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FIGURE 7. Effects of antibiotics on the binding activity of JadR2. Each lane
contains 10 ng of labeled P, ;. Lanes 2-12 contain 15 nm JadR2. Lanes 3 and
4 contain Me,SO and methanol as solvent controls, respectively. Lanes 5 and
6 contain 50 and 500 um JdB, respectively. Lanes 7 and 8 contain 50 and 500
um JdA, respectively. Lanes 9-12 contain Cm 5, 50, 500, and 750 um,
respectively.

10

jadR1

JadR2-P,
complexes

of JadR2-P,,;z;, suggesting that there might be cross-talk
between the Cm and the Jd biosynthesis pathways. Other anti-
biotics (including ampicillin, kanamycin, erythromycin, and
tetracycline) did not cause any obvious dissociation (sup-
plemental Fig. S9). Cm was less effective (which might be due to
the solvent involved) than JdA and JdB in relieving the DNA
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purified ScbR2. Each lane contains ~10 ng of probe. Lanes -5 contain 0, 5, 15, 30, and 50 nm purified ScbR2, respectively. B, band shift assays of the interaction
of the kasO promoter region with purified JadR2. Each lane contains ~10 ng of probe. Lanes 1-5 contain 0, 4.5, 15, 45, and 150 nm purified JadR2, respectively.
G, effects of ScbR2 and JadR2 on various reporter plasmids. The error bars indicate the means =+ S.D. with three independent experiments. D, effects of cultural
supernatants on ScbR2- and JadR2-mediated repression. The fold induction was compared with the nonsupplemented controls, and the strains whose
supernatants were tested are indicated. The error bars indicate the means = S.D. from three independent experiments. WT, S. coelicolor M145; Act™ Red ™, actlll
and redL double disruption mutant; WT+ET, S. venezuelae WT with ethanol induction; Jd—, jadIDM with ethanol induction; WT-ET, S. venezuelae WT without

ethanol induction; Cm—, cmIBDM without ethanol induction.

binding of JadR2. This may be due to its relatively small mole-
cule size or coincide with the physiological situation in vivo; in
the absence of ethanol stress, the concentration of Cm consid-
erably exceeds that of JdB or JdA. Thus, more sensitive recog-
nition of JdB and JdA by JadR2 might be necessary.

ScbR2 and JadR2 Biosensors Are Activated by Endogenous
Antibiotics—To further confirm the antibiotic responding ac-
tivities of ScbR2 and JadR2 in vivo, we employed a bacterial
promoter-reporter system that has provided a sensitive tool for
high throughput screening for bioactive compounds in micro-
bial supernatants (33). To compare with the WT supernatant, a
double mutant lacking actlll and redL (34, 35) structural genes
indispensable for the biosynthesis of Act and Red in S. coelicolor
was constructed; similarly in the case of S. venezuelae, the
jadIDM, producing neither Jd or Cm under ethanol stress (36),
was chosen.

In this promoter-reporter system, the P, and Py, pro-
moters used in the band shift assays were introduced upstream
of the promoterless [ux operon in the vector pCS26-Pac, gen-
erating pO™™'ux and pO"*°lux, respectively, and trans-
formed into E.coli. High levels of luciferase activity were
conferred by pO***°lux, whereas pCS26-Pac and pO"™®'lux
conferred only a low background. This suggested that P, .,
unlike P, ;, could be recognized by RNA polymerase in E. coli.
In subsequent band shift assays, JadR2 and ScbR2 were shown
to bind to each other’s target promoters (Fig. 8, A and B), indi-
cating that the two regulators recognize similar binding sites.
This made it possible to evaluate recognition of P, by the
JadR2 and ScbR2 repressors in vivo. So jadR2 and schR2 were
inserted into pACYC184 to create pJadR2 and pScbR2. They
and the vector control pACYC184 were respectively intro-
duced into the E. coli strain bearing pO"**°lux. Both pJadR2
and pScbR2 repressed bioluminescence in the recombinant
transformants, although JadR2 repressed less strongly than
pScbR2 (Fig. 8C). The plasmid pACYC184 as control had no
such effect.
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The recognition of P, ., by JadR2 and ScbR2 in vivo provided
a platform for assessing the in vivo effect of culture superna-
tants on the activities of the two repressors. Culture superna-
tants from S. coelicolor M145 grown in R5 medium were added
to the ScbR2 biosensor strain in a proportion that did not
inhibit growth (23). Supernatant isolated before the stationary
phase, when only Red was produced, induced no obvious biolu-
minescence, but supernatants isolated at 72 h and afterward,
when Act was abundantly produced, gave strong induction,
reaching a maximum at 84 h (supplemental Fig. S10). In similar
experiments using culture supernatants of the double mutant
lacking actlIl and redL (Fig. 8D), induction was much lower
than that of WT supernatants. This and the evidence from band
shift assays above strongly supported the direct involvement of
Act in the endogenous relief of ScbR2-dependent repression of
kasO (possibly and/or Red, but this is difficult to determine in
vivo because Red accumulates intracellularly (34) and is poorly
soluble in culture media).

In a similar experiment, the effects of supernatants of etha-
nol-induced cultures of S. venezuelae WT and jadIDM (Jd™)
and cultures of WT and c¢cmIBDM (Cm™) without ethanol
induction were tested on the JadR2 biosensor strain (Fig. 8D). A
significant increase of bioluminescence induction (approxi-
mately 7-fold compared with Jd™) was observed when the
WT + ET culture supernatant was added, whereas that of the
WT — ET versus Cm~ was ~2.5-fold. Although less effective
than WT + ET versus Jd ™, the result is analogous to the case in
vitro and consistent with our supposition that Jd and Cm might
play a direct role in the endogenous relief of JadR2-dependent
repression. Therefore, results in vitro and in vivo all suggested
that ScbR2 and JadR2 both utilize an antibiotic responding
mechanism to regulate antibiotic biosynthesis.

DISCUSSION

In Gram-negative bacteria, the LuxI-LuxR proteins are com-
monly involved in synthesis and detection of the quorum-sens-

VOLUME 285+NUMBER 35+AUGUST 27,2010


http://www.jbc.org/cgi/content/full/M110.143081/DC1

Pseudo GBL Receptors Coordinate Antibiotic Biosynthesis

S. venezuelae Chloramphenicol

N —
( (Cm)
ke
/A\ .
((JadR2 ) me] B ETN N - Jadomycin
b/ y
'Pseudo' GBL Cluster-Situated Cryptic
Receptors Regulators Metabolites
(CSCHR?) memmmmee] m ——
b/\ ~
‘\

1\
Actinorhodin (Act)
Undecylprodigiosin

(Red)

S. coelicolor

FIGURE 9. Cross-coordination of different antibiotic biosynthesis by the
pseudo GBL receptors. In S. venezuelae, the pseudo GBL receptor JadR2
directly represses the transcription of jadR1. The cluster-situated regulator
JadR1 activates the biosynthesis of Jd by activating the transcription of bio-
synthetic structural genes. JadR1 also represses the production of Cm by
binding to the promoter of the structural genes. Jd and Cm could directly
bind to JadR2, leading to its dissociation from the jadR1 promoter. In S. coeli-
color, the pseudo GBL receptor ScbR2 directly represses the transcription of
kasO. The cluster-situated regulator KasO is an activator in a cryptic type |
polyketide synthase (PKSI) gene cluster. ScbR2 could also regulate the pro-
duction of Red and Act indirectly. ScbR2 did not bind the GBL molecule SCB1
but could bind Red and Act, leading to its dissociation from the kasO pro-
moter. Different antibiotics produced in one strain may affect each other by
these pseudo GBL receptors, which bind and respond to antibiotic signals to
coordinate their biosynthesis.

ing autoinducers. Phylogenetic analyses suggested that the syn-
thase-receptor elements in the LuxI-LuxR systems had evolved
concomitantly (37). However, in the GBL signaling cascade of
streptomycetes, it is suggested that the GBL receptors had pre-
dated GBL synthases and later acquired GBL binding proper-
ties (7). The presence of many GBL receptor paralogues in one
genome also suggests that their functions have diversified.
Here, we demonstrate that pseudo GBL receptors serve a novel
role to coordinate antibiotic biosynthesis by responding to anti-
biotic signals. As briefly summarized in Fig. 9, pseudo GBL
receptors (like JadR2 and ScbR2) usually repress the expression
of cryptic secondary metabolites (jadomycin and a type I
polyketide synthase yellow compound) by directly inhibiting
the transcription of cluster-situated activators (JadR1l and
KasO). However, unlike genuine GBL receptors, which only
bind specific GBL molecules, pseudo GBL receptors act as a
signal coordinator to orchestrate antibiotic biosynthesis by
binding and responding to disparate antibiotics. In S. venezu-
elae, JadR2 directly represses the transcription of jadR1, the
determinant of an activator of the Jd biosynthetic genes, that is
shown to repress Cm biosynthetic genes. These two different
antibiotics could bind to JadR2, leading to the dissociation of
this repression. Although in S. coelicolor, ScbR2 is the repressor
of KasO, a key activator of a cryptic type I polyketide synthase
gene cluster. ScbR2 could also indirectly regulate the expres-
sion of Red and Act biosynthetic gene clusters. As expected,
ScbR2 did not bind the GBL molecule SCB1 but could bind and
respond to the endogenous Red and Act. Taken together, their
capacity to bind and respond to disparate antibiotics helps
them to fulfill a coordinator role in coordinating antibiotic bio-
synthesis. To our knowledge, this is the first time the ligands for
these pseudo GBL receptors are identified as antibiotics.
Nevertheless, this antibiotic binding capacity is not unex-
pected. Sequence similarity and phylogenic studies suggested
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that ScbR2 and JadR2 belong to the TetR superfamily regula-
tors. Because of the sequence diversity of the ligand-binding
domain of this family, an extremely wide range of small mole-
cules can serve as the effective ligands. For instance, crystal
structures showed that QacR and TtgR are capable of binding
and responding to many structurally diverse drugs (29, 32).
Investigations of these proteins suggest that this ability is
mainly ascribed to the richness of helices and a large cavity in
their ligand-binding domains (32). Because ScbR2 and JadR2
were predicted to share significant similarity in secondary
structure with them, it is likely that they have also developed
this antibiotic binding capacity. Although TetR family regula-
tors comprise a large proportion of prokaryotic transcriptional
regulators (27), many of their functions and ligands remain
unknown. However, those examples that have been character-
ized to date include a rich diversity of biologically relevant
ligands; some were associated with antibiotic resistance in
pathogens. Our results obtained here suggest that some regu-
lators can also mediate secondary metabolism in Streptomyces
by responding to antibiotic signals.

Antibiotics are known to serve a general signaling role to
induce global changes in gene transcription in a bacterial com-
munity (38). However, the mechanisms by which antibiotics
trigger specific transcriptional responses are still not eluci-
dated. Our work demonstrates that, just like quorum-sensing
molecules, antibiotics can also act as intracellular signals to
induce downstream responses, and the key receptors in strep-
tomycetes are pseudo GBL receptors. In the case of ScbR2-
KasO and JadR2-JadR1, upon binding to pseudo GBL receptors
as ligands, antibiotic signals are transmitted toward cluster-
situated regulators to influence specific antibiotic biosynthetic
pathways. By dissecting the molecular mechanisms in two
model streptomycetes, we speculate that this antibiotic signal-
ing cascade might be widely employed in this genus. Moreover,
because GBL receptor homologues are commonly found in
actinomycetes, it is suspected that similar mechanisms might
also be adopted by closely related actinomycetes or other anti-
biotic-producing bacteria.

Previously, the understanding of antibiotics-mediated regu-
lation in streptomycetes was limited to feedback autoregulation
(19, 39). The ability of ScbR2 and JadR2 to interact with end
products of other biosynthetic pathways extends this under-
standing to antibiotic-mediated communication in which
metabolites from a defined biosynthetic pathway indirectly
elicit responses in other pathways. Previously, microarray anal-
ysis revealed transcription level cross-talk between disparate
antibiotic pathways, which is shown to involve cluster-situated
regulators (40). In this study, we largely enriched the mecha-
nism by addressing the direct participation of antibiotics and
their corresponding receptors. In the regulation network of Jd
and Cm biosynthesis, JadR1 is the low level regulator that
directly controls their biosynthesis, although JadR2 is the
higher level signal coordinator that senses the information
from the metabolites and responds by regulating the transcrip-
tion of jadR1. With the formation of this cross-regulation cir-
cuit, Jd and Cm are thus able to cross-regulate the biosynthesis
of each other. Knowledge of this antibiotic-induced cross-talk
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mechanism could prove relevant to rational improvements in
the yield of commercially important antibiotics.

Strikingly, the top ten JadR2 homologues in BLAST search
are exclusively located in or adjacent to gene clusters for the
biosynthesis of antibiotics, most of which are not identified and
might well be cryptic. This suggests a possible correlation of
pseudo GBL receptors with silent antibiotic clusters, consistent
with our findings that inactivation of JadR2 and ScbR2 led to the
production of two cryptic metabolites, Jd and a yellow com-
pound. Knowledge of this correlation will likely provide an
effective strategy to isolate those novel but cryptic natural
products.
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